Human neuroglobin (Ngb) forms an intramolecular disulfide bond between Cys46 and Cys55, with a third Cys120 near the protein surface, which is a promising protein model for heme protein design. In order to protect the free Cys120 and to enhance the protein stability, we herein developed a strategy by designing an additional disulfide bond between Cys120 and Cys15 via A15C mutation. The design was supported by molecular modeling, and the formation of Cys15-Cys120 disulfide bond was confirmed experimentally by ESI-MS analysis. Molecular modeling, UV-Vis and CD spectroscopy showed that the additional disulfide bond caused minimal structural alterations of Ngb. Meanwhile, the disulfide bond of Cys15-Cys120 was found to enhance both Gdn$HCl-induced unfolding stability (increased by $0.64 M) and pH-induced unfolding stability (decreased by $0.69 pH unit), as compared to those of WT Ngb with a single native disulfide bond of Cys46-Cys55. Moreover, the half denaturation temperature (T m ) of A15C Ngb was determined to be higher than 100
Introduction
Metalloproteins and metalloenzymes play crucial roles in biological systems, including electron transfer, gas transport, and catalysis. [1] [2] [3] [4] [5] [6] In order to expand their functionalities, researchers have made great efforts in the design of articial metalloproteins and metalloenzymes. 1, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Since enzyme activity is affected by many factors, increasing the protein stability may ensure the articial enzymes to be active under harsh reaction conditions, such as in presence of denaturing agents, with high temperature and in different pH solutions. For this purpose, various strategies have been developed in the last decade, such as rational design, 18 directed evolution, 19 and computational design, 20 by improving the hydrophobic and hydrogen(H)-bonding interactions within the protein scaffold. Moreover, covalent interactions such as disulde bonds play a crucial role in protein stabilization, and design of de novo disulde bond has shown to be useful for enhancing the protein stability.
21-27
Heme proteins are a major class of metalloproteins and metalloenzymes. 4 To increase the protein stability, especially for the heme-binding affinity of heme proteins, a common approach is to construct a covalent heme to protein cross-link, as occurred in natural cytochrome c (Cyt c) and some Cyt P450s. [28] [29] [30] For example, a Cyt c-like covalent link (Cys-heme cross-link) has been constructed in Cyt b 5 , [31] [32] [33] Cyt b 562 , 34 ascorbate peroxidase, 35 and myoglobin (Mb). 36 Moreover, other heme-protein cross-links such as Met-Heme, 37 His-Heme, 38 and Tyr-heme, 39, 40 can also be designed in articial heme proteins. In addition to heme-protein cross-links, design of de novo disulde bond has shown to be powerful, not only to increase the protein stability but also ne-tune the reactivity of heme proteins. 30 For example, Morishima and co-workers constructed a de novo disulde bond in Mb that was found to affect ligand binding dynamics. 41 In recent studies, we designed a de novo disulde bond in Mb, which enhances both protein stability toward guanidine hydrochloride (Gdn$HCl)-inducing unfolding, and reactivity, such as peroxidase and nitrite reductase activities.
42,43
Neuroglobin (Ngb) was discovered in 2000 as a new member of globins, highly expressed in nerve tissues. 44 In addition to the feature of a bis-His (His64/His96) heme coordination, human Ngb forms an intramolecular disulde bond (Cys46-Cys55), which regulates the coordination of His64 and the binding of exogenous ligands, such as O 2 and CO, to the heme iron.
Moreover, human Ngb has a third cysteine (Cys120), which is located near the protein surface, and is thus prone to be modied by reactive oxygen/nitrogen species (ROS/RNS) in oxidative stress conditions. 49 The single free Cys120 near the protein surface may also lead to protein dimerization in purication of the recombinant Ngb protein. Therefore, Cys120 was usually replaced by a Ser to simplify protein purication and prevent protein dimerization, and functional studies were performed based on the C120S Ngb mutant.
50-52 Meanwhile, Ser120 forms an H-bonding network with His23 and Glu22 that is missing in wild-type (WT) Ngb, which may affect ligand migration from the protein matrix.
53 Although Cys120 has a biological role and contributes to the interface between helix G and the A-B loop, from a perspective of heme protein design and application, Ngb is a promising model protein. For example, H64Q Ngb can be a ligand-trap antidote for CO poisoning in practical medicine, 54 and H64A Ngb is an articial nitrite reductase with the fastest reported activity.
55
With a motivation to design Ngb mutants with advanced properties and potential applications, we anticipate that if an intramolecular disulde bond could be constructed between Cys120 and another Cys introduced nearby, Cys120 might be protected, and the protein stability could be enhanced as well. To this end, we inspected the X-ray structure of human Ngb (PDB code 4MPM 48 ), and found that Ala15 was a potential target for introducing a Cys residue, which was further supported by molecular modeling studies. As shown in this study, we found that Cys15 could indeed form an intramolecular disulde with Cys120, as conrmed by protein mass spectrometry analysis. The additional disulde bond (C15-C120) in A15C Ngb mutant was found to enhance both chemical and pH stabilities compared to those of WT Ngb with a single disulde bond (C46-C55). Moreover, the thermal stability of A15C Ngb was found to be more than 100 C, suggesting a crucial role of C15-C120 in protein stabilization.
Results and discussion

Molecular modeling studies
In order to construct an additional disulde bond in human Ngb to protect Cys120 and stabilize the protein, we inspected the X-ray structure of human Ngb and found that Ala15 was a potential target for introducing a Cys residue. To reveal the possibility of formation of a disulde bond between C15 and C120, we rst performed a molecular modeling study for A15C Ngb with two intramolecular disulde bonds. With minimization and equilibration, the simulated structure of A15C Ngb (Fig. 1A) showed that the two disulde bonds could be well formed, with a disulde bond distance of 2.11Å (C15-C120) and 2.05Å (C46-C55), respectively, in agreement with the X-ray structure of WT Ngb (2.02Å for C46-C55). 48 Moreover, as shown in Fig. 1B , the structure overlapped well with the X-ray structure of WT Ngb, which suggests that the formation an disulde bond of C15-C120 causes minimal structural alterations.
Spectroscopic studies
With support by molecular modeling, we introduced an additional Cys residue at position 15 in Ngb by A15C mutation. The A15C Ngb mutant was expressed and puried using the same procedure as that for WT Ngb. UV-Vis studies showed that A15C Ngb exhibits the spectra (ferric, 413, 532 and 562 nm; ferrous, 425, 529 and 559 nm, Fig. 2A ) with the maximum absorbance identical to those of WT Ngb in both ferric and ferrous states (Fig. S1 †) . 45, 56 Moreover, A15C Ngb was found to exhibit the CD spectrum almost identical to that of WT Ngb (Fig. 2B ). These observations suggest that introduction of Cys15 does not alter the heme coordination state and the protein secondary structure.
To reveal whether Cys15 forms an intramolecular with Cys120 in A15C Ngb, we performed mass spectrometry studies using an electrospray ionization (ESI) technique, with WT Ngb as controls. As shown in Fig. 3A , the mass spectrum of WT Ngb exhibits a mass of 16 931.5 Da, in agreement with previous observation for oxidized Ngb (16 930.9 Da), 46 which corresponds to the apo-protein of WT Ngb with an intramolecular disulde bond (Cys46-Cys55) (calculated, 16 931 Da). Note that the heme was dissociated under the detection conditions. Upon treatment by TCEP, a mass of 16 933.5 Da was observed, with an increase mass of 2 Da, which indicates the reduction of disulde bond of Cys46-Cys55, as shown for reduced Ngb (16 932.2 Da). 46 In the mass spectrum of A15C Ngb (Fig. 3B) , it was interesting to observe two mass peaks (16 961.5 D and 17 576.5 Da), which correspond to the calculated apo-protein of A15C Ngb with two intramolecular disulde bonds (16 961 Da), and the holo-protein with heme not dissociated (17 576 Da), respectively. Aer treatment with TCEP, a single mass of 16 965.5 Da of the apo-protein was observed, with an increase mass of 4 Da, suggesting the reduction of two intramolecular disulde bonds. The disappearance of mass peak for the holoprotein upon TCEP treatment also suggested that the heme dissociated from the protein matrix in mass determination, which, in turn, suggested that the formation of two intramolecular disulde bonds, C46-C55 and C15-C120, may enhance the heme-binding stability of A15C Ngb under these conditions.
Chemical-induced unfolding studies
Since it is not possible to investigate A15C Ngb with one disulde bond intact and the other cleaved, to probe the contribution of an additional disulde bond of C15-C120 to the protein chemical stability, we rst performed Gdn$HCl-induced unfolding studies for both A15C Ngb and WT Ngb. As shown in Fig. 4A and S2, † the intensity of Soret band (413 nm) of both proteins decreased with increasing the concentration of Gdn$HCl to 6 M, and resulted in a shoulder peak at $370 nm. Concurrently, the visible bands (532 nm and 562 nm) of bis-His coordinated heme decreased with an appearance of $630 nm. These observations suggest the release of heme from the heme pocket upon protein unfolding. Moreover, there was an isosbestic point observed in both UV-Vis spectroscopic changes, which indicates that the Gdn$HCl-induced unfolding was a twostate process for both proteins.
To compare the half denaturation concentration (C m ), we plotted the spectral changes of the Soret band versus the concentration of Gdn$HCl and tted to a normalized two-state model (Fig. 4B) . The results showed that A15C Ngb exhibited a C m value of 4.39 AE 0.01 M, which is $0.64 M higher than that of WT Ngb (3.75 AE 0.01 M). This observation suggest that the disulde bond of C15-C120 in A15C Ngb enhances the protein chemical stability of Gdn$HCl-induced unfolding. Remarkably, the enhancement of $0.64 M is much larger than that of a disulde bond constructed in other heme proteins. For example, we observed an increase of $0.32 M for V21C/V66C Mb, with a disulde bond mimicking that in cytoglobin (Cgb), as compared to that of WT Mb upon Gdn$HCl-inducing unfolding. 43 Fasan and co-workers showed that construction of an articial thioether bond between a non-natural amino acid of O-2-bromoethyl Tyr and Cys in Mb may increase $0.24 M for C m upon Gdn$HCl-induced unfolding. 57 Moreover, Hollenberg and co-workers constructed a de novo disulde bond close to the heme center in Cyt P450 2B1 by a double mutation of Y309C/ S360C, which reduced the protein plasticity and ne-tuned the metabolic activity. 58 These observations suggest that the location for engineering a covalent bond is crucial for the enhancement of stability, as well as functional regulation.
To further evaluate the chemical stability of A15C Ngb, we performed an acid titration experiment, and compared to that of WT Ngb under the same conditions. It was shown that by titration of concentrated HCl into the protein solution, the Soret band decreased and shied to $370 nm, as well as for the visible bands (Fig. 5A and S3 †) . The spectral changes were similar to those occurred for Gdn$HCl-induced unfolding, with appearance of an isosbestic point, which indicates that acidinduced unfolding of both proteins was also a two-state process. This was further conrmed by the well-tting of the plots of Soret band changes versus the pH values (Fig. 5B) . The results showed that the half denaturation pH value was decreased by $0.69 pH unit for A15C Ngb (2.62 AE 0.02) compared to that of WT Ngb (3.31 AE 0.01), which indicates that the formation of an additional disulde bond of C15-C120 increases the acid tolerance of A15C Ngb.
Thermal-induced unfolding studies
In addition to the protein chemical stability, we investigated the thermal stability of A15C Ngb, with WT Ngb as a control. We rst performed the far-UV CD spectroscopy studies to monitor the changes in secondary structure upon increasing temperature. As shown in Fig. 6A and S4 † with the temperature increasing from 25 C to 100 C, the negative Cotton effects at 208 nm and 222 nm gradually decreased, suggesting the unfolding of a-helix structure. When the temperature reached 100 C, $50% a-helix was retained in A15C Ngb, while less than 25% was observed for WT Ngb. The plot of absorbance at 220 nm versus temperature showed that WT Ngb exhibits a half denaturation temperature (T m ) of 88.5 C (Fig. 6B) . Note that since A15C Ngb was only partially unfolded at 100 C, T m could not be determined and was estimated to be higher than 100 C.
These observations thus suggest that the second disulde bond of C15-C120 stabilizes the secondary structure of A15C Ngb. Moreover, we monitored the UV-Vis spectral changes upon increasing temperature (Fig. 7) , which provides valuable information for the heme binding and the overall protein structure. The results showed that with the temperature increasing from 25 C to 100 C, the Soret band of WT Ngb gradually decreased from 413 nm and blue shied to $398 nm, with disappearance of visible bands at 532 nm and 562 nm (Fig. 7A) . The isosbestic point also indicated that the thermal-induced unfolding of WT Ngb was a two-state process. The spectral changes were similar to those of Gdn$HCl or acid-induced unfolding, whereas the ultimate spectrum was different, with a Soret band of $398 nm instead of $370 nm of the free heme. These observations suggest that although the heme was released from the heme pocket at high temperature, it was still associated with the protein peptide. The plot of Soret band at 413 nm versus temperature showed that WT Ngb exhibits a half denaturation temperature (T m ) of 92.6 C (Fig. 7A, inset) . Note that this value is $4 C higher than that determined by monitoring the changes in secondary structure, suggesting a more stability for the heme active center. In contrast to WT Ngb, A15C Ngb underwent only partial unfolding when the temperature was increased to 100 C, with slight decreases in the intensity of Soret and visible bands (Fig. 7B) . Therefore, the T m was estimated to be higher than 100 C, in agreement with the CD result. These results indicate that with an additional intramolecular disulde bond of C15-C120, A15C Ngb exhibits extremely high thermal stability, and retains almost half a-helix structure at 100 C, as well as most of the overall protein structure, where the heme was stabilized in the heme pocket.
Kinetic studies
With an enhanced protein stability of A15C Ngb, we were further interested in testing the functional consequence of the formation of an additional disulde bond. We rst studied the autoxidation of A15C Ngb and compared to that of WT Ngb. As shown in Fig. 8A , the visible bands of the oxy-form (542 nm and 576 nm) decrease in intensity over time due to the autoxidation. The plot of the absorption change at 542 nm versus time obeys a single-exponential decay function (Fig. 8A, inset) . The rate constant of autoxidation was determined to be 5.5 Â 10 À4 s
À1
for A15C Ngb at pH 7.0, 25 C, which is $1.38-fold higher than that for WT Ngb under the identical conditions (4.0 Â 10 À4 s À1 ).
Note that these values (pH 7.0, 25 C) are lower than that determined for WT Ngb in previous studies at higher pH value (2.8 Â 10 À3 s À1 , pH 7.5, 25 C) 59 or higher temperature (3.8 Â 10
À3 s À1 , pH 7.4, 37 C).
55
Moreover, we determined the O 2 release rate using stoppedow spectroscopy upon reaction of oxy-Ngbs (5 mM) with sodium dithionite (1 mM) in 100 mM potassium phosphate buffer (pH 7.0) at 25 C. As shown in Fig. 8B , the oxy-form (542 nm and 576 nm) of A15C Ngb was rapidly converted to the reduced form (529 nm and 559 nm). From the plot of the absorption change for the oxy-form at 542 nm versus time (Fig. 8B, inset) , the rate constant of O 2 release was calculated to be 0.32 AE 0.01 s
À1
, which is $1.39-fold higher than that for WT Ngb under the identical conditions (0.23 AE 0.01 s À1 ). These observations suggest that the formation of a second disulde bond of C15-C120 in A15C Ngb slightly alters the protein function, with an increase in the rate of O 2 release by $1.4-fold.
It was interesting to observe that A15C Ngb with a more stable structure releases O 2 easier than that of WT Ngb. The explanation for this observation may include two aspects. (1) The de novo disulde bond of C15-C120 is remote from the heme center, i.e., $23Å according to the modeling structure (Fig. 1A) . It may leads to long-range structural changes that impact on the heme iron coordination, as suggested by Astudillo et al. in study of C120S Ngb mutant; 53 (2) the free C120 may interfere with the heme reduction process and thereby the O 2 release. In a previous study, Hirota et al. introduced a cysteine to various sites on the surface of sperm whale Mb, and showed that the heme reduction rate constant decreased in general as the heme-cysteine distance was increased.
60 Therefore, the formation of C15-C120 disulde bond in A15C Ngb may eliminate such an effect. Note that although dithionite is commonly 
62,63
Conclusions
Ngb is a promising model protein for heme protein design, and in order to protect the free Cys120 in human Ngb and to enhance the protein stability, we rationally designed an additional disulde of Cys15-Cys120 in Ngb by introduction of Cys15 in the vicinity of Cys120. As predicted by molecular modeling, Cys15 and Cys120 formed an intramolecular disulde bond, which was conrmed experimentally by ESI-MS analysis, with WT Ngb as a control. The formation of Cys15-Cys120 disulde bond was found to have minimal structural alterations of Ngb, meanwhile, it enhanced both chemical and pH stabilities with respect to those of WT Ngb with a single native disulde bond of Cys46-Cys55. Thermal-induced unfolding studies revealed that A15C Ngb retained most of the overall protein structure as high as 100 C, indicating an ultra-high thermal stability. In addition, the disulde bond of Cys15-Cys120 remote from the heme center has only slight effects on protein function, such as an increase in the rate of O 2 release by $1.4-fold. These results suggest that an additional disulde can be rationally designed in Ngb, which plays a crucial role in protein stabilization. Moreover, this study lays the groundwork for further investigation of the structure and function of Ngb, as well as for the design of other functional heme proteins, based on the scaffold of A15C Ngb with an enhanced stability.
Materials and methods
Protein preparation
The pET3a plasmid DNA containing the gene of human Ngb was a gi from Prof. T. Burmester, Gutenberg University of Mainz, Germany. Ngb was expressed in E. Coli. BL21(DE3) cells and puried as previously reported. 45 The A15C Ngb gene was constructed using the QuikChange Site Directed Mutagenesis Kit (Stratagene) with two primers: forward, 5 0 -CAG AGC TGG CGG TGT GTG AGC CGC AGC-3 0 ; and reverse, 5 0 -GCT GCG GCT CAC ACA CCG CCA GCT CTG-3 0 :
The mutation was conrmed by DNA sequencing assay, and the mutant was expressed and puried using the same procedure as that for WT Ngb.
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Molecular modeling studies
The initial structure of A15C Ngb was constructed based on the X-ray crystal structure of human Ngb (PDB code 4MPM, molecule A 48 ) using program VMD 1.9. A patch of disulde bond was applied to Cys46-Cys55 and Cys15-Cys120, respectively. The protein was solvated in a cubic box of TIP3 water, which extended 10Å away from any given protein atom. Counter ions (Na + and Cl À ) were further added to obtain the physiological ionic strength of 0.15 M by using the autoionize plug-in of VMD 1.9. 64 The resulting system was minimized with NAMD2.9
(Nanoscale Molecular Dynamics), 65 using 50 000 minimization steps with conjugate gradient method at 0 K, and equilibrated for 15 000 000 molecular dynamics steps (1 fs per step, 15 ns in total) at 310 K, then further minimized for 50 000 steps at 0 K. Visualization and data analysis were done with VMD 1.9.
UV-Vis and CD studies
UV-Vis spectra of A15C Ngb and WT Ngb were collected on an Agilent 8453 spectrometer in 100 mM potassium phosphate buffer (pH 7.0) at 25 C. Circular dichroism (CD) spectra were collected on a Jasco 1500 spectropolarimeter equipped with a MCB-100 mini circulation bath (25 C), using a cuvette with a path length of 0. respectively, as calculated using the standard hemochromogen method.
66
Mass spectrometry
Protein mass spectrum was measured on G2-XS QToF mass spectrometer (Waters). The desalted protein solution was mixed with 50% acetonitrile solution (acetonitrile : water, 1 : 1) containing 1% formic acid, and transferred into the mass spectrometer chamber for measurement by a direct injection method without performing the liquid chromatography under positive mode. The multiple m/z peaks were transformed to the protein molecular weight by using soware MaxEnt1. For reduction studies, the reducing agent tris-(2-carboxyethyl)-phosphine (TCEP) was added to the protein solution at a nal concentration of 10 mM, and the mixture was cultured at 37 C for 30 min before mass measurements.
Gdn$HCl-induced unfolding studies
Gdn$HCl-induced unfolding of A15C Ngb was studied by Agilent 8453 spectrometer. 10 mL of 2 mM protein sample was added into 2 mL of a guanidine hydrochloride (Gdn$HCl) solution (pH 7.0) with various concentrations (0-6.0 M). Aer incubation for 30 min, the UV-Vis spectrum was recorded.
Control experiment was performed for WT Ngb under the same conditions. The unfolding transition was monitored at different Gdn$HCl concentrations through the changes of the absorbance of the Soret band. The denaturation midpoint (C m ) was calculated by tting the absorbance of Soret band versus the concentration of Gdn$HCl to a two-state Boltzmann function (eqn (1)).
Here, A is the absorbance of Soret band; A 1 and A 2 are the initial and nal absorbance of Soret band, respectively; C is the concentration of Gdn$HCl; C m is the concentration of Gdn$HCl at midpoint of denaturation.
Acid-induced unfolding studies
The acidic stability of A15C Ngb upon pH-induced unfolding was carried out on an Agilent 8453 spectrometer using a cell with a path length of 1 cm. The temperature was controlled at 25 C with a circulating bath. The protein sample was titrated with increasing amounts of 10 M HCl to adjust the pH values. Aer incubation at different pH values for 10 min, the UV-Vis spectrum was recorded. Control experiment was performed for WT Ngb under the same conditions. The denaturation midpoint was calculated by tting the absorbance of Soret band versus the pH values to a two-state Boltzmann function (eqn (2)).
Here, A is the absorbance of Soret band; A 1 and A 2 are the initial and nal absorbance of Soret band, respectively; X is the pH value; X 0 is the pH at midpoint of denaturation.
Thermal-induced unfolding studies
Thermal-induced unfolding studies of WT Ngb and A15C Ngb were performed with a Jasco 1500 spectropolarimeter equipped with a MCB-100 minicirculation bath. The protein was dissolved in potassium phosphate buffer (100 mM, pH 7.0) using a cuvette with a path length of 0.1 cm and 1 cm with their corresponding covers. The temperature was increased stepwise over the range of 25-100 C. At each temperature, the protein sample was allowed to equilibrate for 10 min before collecting the CD spectrum (190-250 nm) at a speed of 100 nm min 
Here, A is the absorbance of Soret band; A 1 and A 2 are the initial and nal absorbance of Soret band, respectively; T is the temperature.
Kinetic studies
The autoxidation rates of oxy-Ngb and oxy-A15C Ngb were determined using an Agilent 8453 spectrometer. The ferric protein was reduced by excess dithionite, which was removed from the solution by a PD-10 column (GE Healthcare). The reduced protein was then diluted into O 2 -saturated 100 mM potassium phosphate (pH 7.0) to generate the oxy-form protein.
The changes in intensity of the oxy-form band at 542 nm were monitored for 60 min at 25 C, and tted to a single-exponential decay function. The O 2 dissociation rates of oxy-Ngb and oxy-A15C Ngb were determined using a dual mixing stopped-ow spectrophotometer (SF-61DX2 Hi-Tech KinetAsyst™). The prepared oxy-Ngbs (10 mM protein in 100 mM potassium phosphate, pH 7.0) was mixed with an equal volume of 1 mM sodium dithionite. The changes in intensity of the oxy-form band at 542 nm were monitored for 10 s at 25 C, and tted to a single-exponential decay function to obtain the observed rate constant (k obs , s À1 ).
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